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ABSTRACT 

 The cardiac rapidly activating delayed rectifier potassium channel (IKr) is encoded by the 

human ether-a-go-go related gene (hERG), which is important for repolarization of the cardiac 

action potential. Reduction in hERG expression levels due to genetic mutations or drugs causes 

Long QT Syndrome (LQTS). Recently, we demonstrated that ubiquitination of hERG channels is 

involved in low K
+
 induced hERG endocytic degradation. Since homeostatic degradation is an 

important pathway in maintaining hERG membrane expression levels, we investigated the 

molecular mechanisms for hERG degradation by focusing on the role and consequence of 

overexpressing the ubiquitin (Ub) ligase, Nedd4-2 (Neural Precursor Cell- Expressed 

Developmentally Downregulated Gene 4- 2) (Yang & Kumar, 2010). Previous work in the lab 

demonstrated that Ub plays a role in the internalization of cell-surface hERG channels, and I 

hypothesized that ubiquitination of hERG channels is facilitated through Nedd4-2. To study the 

effects of Nedd4-2 on hERG channels, I overexpressed Nedd4-2 in human embryonic kidney 

(HEK) 293 cells that stably express the hERG channels. Electrophysiological recordings, Western 

blot, co-immunoprecipitation analysis, and confocal microscopy were performed to identify 

Nedd4-2’s role in hERG expression. The data from whole-cell patch clamp recordings 

demonstrated that, among hEAG, Kv1.5 and hERG, Nedd4-2 specifically eliminates the hERG 

channel current. Western blot and confocal imaging analyses showed that Nedd4-2 

overexpression led to a significant reduction in mature hERG channels in the plasma membrane. 

Data obtained using co-immunoprecipitation indicated that Nedd4-2 significantly increases 

ubiquitinated hERG channels. These data indicate that Nedd4-2 may play a role in hERG 

homeostatic degradation.  
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 

The hERG Channel 

The human-ether-a-go-go-related gene (hERG) is known to encode a potassium (K
+
) 

channel in the heart, which is essential in maintaining normal rhythm and regulating cardiac 

excitability. This homotetrameric channel is specifically responsible for conducting the rapidly 

activating delayed rectifier potassium current (IKr) which is crucial for cardiac repolarization. 

Inward rectifiers are a class of K
+
- selective ion channels that preferentially conduct inward K

+
 

currents at voltages negative relative to the K
+
 equilibrium potential (EK).The physiological roles 

of this family of ion channels are best understood in the heart, where their small outward 

conductance’s contribute to the terminal phase of repolarization and regulate the resting 

membrane potential (Sanguinetti et al., 1996). The channels close at positive voltages due to its 

voltage-dependent inactivation characteristic. This helps in maintain the plateau of the action 

potential (Trudeau et al., 1995). IKr is apparent during the third phase of the cardiac action 

potential and acts to terminate the action potential and return the membrane potential to its resting 

level (phase 4) (Sanguinetti & Tristani-Firouzi, 2006).  Reductions in IKr, induced by either drug 

interactions or inherited mutations, can cause Long QT Syndrome (LQTS), a condition which 

predisposes individuals to life-threatening arrhythmias, such as torsades de pointes (TdP), and 

sudden cardiac death (Figure 1) (Keating & Sanguinetti, 2001).  

The amplitude of ion channel currents is determined by a combination of channel density 

in the plasma membrane and channel gating kinetics (open versus closed time) (Guo et al., 2009). 

While hERG gating is established and well understood, little is presently known about how the 

plasma membrane density of WT hERG channels is regulated under physiological conditions  

with respect to ion concentrations (5 mM K
+
) (Guo et al., 2009). 
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Figure 1. Reduced hERG current delays ventricular repolarization and can induce arrhythmia. 

A. Normal human ventricular myocyte action potential (left) and prolonged action potential 

simulated by reducing hERG current by 80%. B. Normal ECG trace (left) and abnormal ECG 

trace with prolonged QT interval (right) (modified from Sanguinetti et al., 2006). 
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hERG Gating 

 hERG is categorized as a part of the Kv channel family, a group of voltage dependent 

channels that are activated by depolarization. When depolarized, Kv channels open allowing ions 

to flow passively down the electrochemical gradient. Like other voltage-gated Kv channels  (Jiang 

et al., 2002), the hERG channel contains four identical α subunits, each containing 6 

transmembrane domains (S1-S6).  Each subunit has 2 functionally different parts: S1-S4 senses 

transmembrane potential and S5-S6 forms the pore (Figure 1) (Sanguinetti & Tristani-Firouzi, 

2006).  The primary voltage sensing-structure of hERG (and all other Kv channels) is the αS4 

helical domain. When the membrane is depolarized, the S4 moves outward  (Piper et al., 2003) 

allowing  ions to move through the pore. Kv channels can exist in at least three distinct 

conformational states: closed (non-conducting), open (conducting), and inactivated (non-

conducting) (Figure 2) (Perrin et al., 2008). At negative membrane potentials, hERG channels are 

in a non-conducting, closed state. Depolarization of the cell membrane to potentials more positive 

than -60mV induces channels to open and allows the outward diffusion of K
+
 ions in accordance 

with its electrochemical driving force. As membrane potential depolarizes further to more 

positive potentials, channels enter the inactivation state (Sanguinetti & Tristani-Firouzi, 2006).  

Two different mechanisms of Kv channel inactivation, termed rapid N-type inactivation 

and slower C-type inactivation have been identified. N-type inactivation is caused by a 

“cytoplasmic ball like structure” (Sanguinetti & Tristani-Firouzi, 2006), which is attached to the 

N-terminus and blocks the inner mouth of the channel pore causing interrupted ion translocation. 

Slower C-type inactivation involves a change at the extracellular mouth of the channel. More 

specifically, a slight constriction of the selectivity filter, formed by S5-S6 in hERG, may only 

occur when the outermost potassium binding site is free (Kiss & Korn, 1998; Baukrowitz & 

Yellen, 1995).  
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Figure 2. Structure and function of hERG K
+
 channels. A. Predicted topology of a single hERG 

subunit highlighting: proximal N-terminus (138–406), voltage sensor (407–545), pore domain 

(545–665), and distal C-terminus (845–1159). B. The functional channel is a tetramer (modified 

from Perrin et al., 2008) 
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Figure 3. Gating of hERG K
+
 channels. A. HERG channels can exist in one of three main 

conformational states; closed, open or inactive. Transitions between these three states are voltage-

dependent. Activation involves opening of an intracellular gate, whereas inactivation involves 

opening of a gate at the extracellular component of the permeation pathway (modified from Lu et 

al., 2001a). 
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Despite significant sequence homology to other Kv channels, hERG channels have very 

distinct kinetics, characterized by slow activation but very rapid and voltage-dependent 

inactivation (Perrin et al., 2008). 

The hERG current profile during the cardiac action potential, which is defined by these 

unusual gating kinetics, has been shown to be crucial for its roles in normal cardiac repolarization 

as well as suppression of premature beat propagations (Perrin et al., 2008; Lu et al., 2001a). 

Although inactivation of hERG is very rapid, it is not greatly affected by N-terminal deletion, 

suggesting that hERG may undergo C-type inactivation (Smith et al., 1996). Indeed, inactivation 

of hERG is eliminated by a mutation (Ser631Val) that was found to remove C-type inactivation 

(Sanguinetti & Tristiani-Firouzi, 2006). 

As previously mentioned above, hERG channels are primarily inactivate during 

depolarization. During repolarization of the action potential, hERG channels rapidly recover from 

inactivation into the open state. This results in an increase in the magnitude of IKr during the first 

half of phase 3 repolarization, despite a decrease in the electrochemical driving force for outward 

flux of K
+ 

 (Spector et al., 1996). In voltage-gated ion channels, transitions between the open and 

closed states are regulated by the S1-S4 voltage sensing domain (VSD) and the actual activation 

gate is formed by the S6 transmembrane helices. Crystal structures have indicated that the helices 

form a bundle crossing such that no ions can pass through (Doyle et al., 1998). Transition to the 

open state occurs when the helices splay outwards, hinging at the gate to cause dilation of the 

pore, thus allowing ions to pass. Acidic residues in S1-S3 form salt bridges with the basic 

residues in S4 to stabilize the VSD in the open state  (Zhang et al., 2004). The opening and 

closing of the channel is mediated by electrostatic forces exerted on S4. The electrostatic force 

originates from the influx of sodium and calcium into the cardiomyocyte. These ions make the 
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overall internal charge of the cell positive (changing the voltage), the VSD is then stimulated and 

the resulting force acts on S4. 

Gating, as previously shown, is an important cellular function, but like any cellular 

process, it has the potential to be altered. The phenomena of altered activation gating can occur in 

two ways: reduced activation or enhanced activation. Reduced activation is characteristic of slow 

activation kinetics and accelerated deactivation kinetics  (Sanguinetti et al., 1996;Chen et al., 

1999;Berecki et al., 2005). Enhanced activation is just the opposite and is caused by enhanced 

activation kinetics and reduced deactivation kinetics  (Nakajima et al., 1998;Sasano et al., 2004). 

 

Channel Density 

Although the modulation of ion channel gating has been extensively studied, much less is 

known about how cell surface ion channel expression levels are regulated (Guo et al., 2009). 

hERG proteins extracted from hERG-human embryonic kidney (HEK) cells cultured in normal 

minimum essential media (MEM) (5 mM K
+
) display two bands with molecular masses of 155- 

and 135-kDa. The mature, fully glycosylated form in the plasma membrane is represented by the 

155-kDa band, and the immature core-glycosylated form residing in the Endoplasmic Reticulum 

is represented by the 135-kDa band (Guo et al., 2009). The whole cell current (which is a direct 

representation of functional fully glycosylated channels) is determined by 3 factors: the single 

channel conductance (i), the channel open probability (Po) and the number of channels on the 

plasma membrane (N) (Perrin et al., 2008). Mutations in hERG may result in a loss of function by 

one of four mechanisms: (i) reduced or defective synthesis (decreased N), (ii) defective 

trafficking from the endoplasmic reticulum to the plasma membrane (decreased N), (iii) defective 

gating (decreased Po) or (iv) defective ion permeation (decreased signal conductance) (Delisle et 

al., 2004;Perrin et al., 2008). Examples of mutations that cause a loss of function in hERG are 
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those in the vicinity of the selectivity filter; they likely result in altered ionic selectivity and/or 

altered single channel conductance (Robertson, 2000).  Lees-Miller et al. 2000  reported that a 

mutated hERG channel (N629D) resulted in an altered ionic selectivity and proposed that an 

inward current during terminal repolarization was the cause of prolonged repolarization in 

patients. Anderson et. al, (2006) examined the same mutation and found  it resulted in defective 

trafficking (decreased N). Lastly, our laboratory recently established that acceleration of channel 

degradation can lead to a reduction in channel density. One such form of accelerated degradation 

is induced by low serum K
+ 

 levels (Guo et al., 2009).  

 

hERG dysfunction 

Given the pivotal role of hERG channels in mediating the repolarizing current of the 

cardiac action potential, it is no surprise that a dysfunction in the channel will have pathological 

consequences. Levels of extracellular K
+
, genetic mutations in hERG and drug blockade of the 

hERG channel have all been found to affect the function of hERG channels, resulting in LQTS, 

which is characterized by a prolongation of the QT interval on the electrocardiogram (Wang et 

al., 2009). Mutations in hERG reduce IKr and cause, more specifically, type 2 long QT syndrome 

(LQT2), a disorder that predisposes individuals to life-threatening arrhythmias (Keating & 

Sanguinetti, 2001). In addition, the hERG channel is a common target for diverse classes of drugs 

that induce acquired LQTS (Sanguinetti & Tristani-Firouzi, 2006). If hERG dysfunction 

escalates, it can lead to ventricular tachyarrhythmias and TdP. TdP is characterized by the 

twisting of the QRS complex around the isoelectric line of the body-surface electrocardiogram 

(ECG) and causes an increased occurrence of sudden cardiac death (Sanguinetti & Mitcheson, 

2005;Surawicz, 1989). 

 



9 

 

Hypokalemia 

Hypokalemia is defined as a situation in which the level of blood K
+
 concentration is 

lower than 3.5 mM. This specific condition is strictly pathological, and is known to exacerbate 

LQTS. It has been found that a chronic reduction in extracellular potassium ([K
+
]o) decreases the 

expression level of plasma membrane hERG channels and  therefore, it has been hypothesized 

that [K
+
]o is essential for proper function and stability of hERG channels (Guo et al., 2009). In the 

absence of [K
+
]o , hERG channels revert to a  non-functional state (Massaeli et al., 2010a). When 

protein was extracted from hERG-HEK cells incubated in 5 mM K
+
 (normal potassium) and in 

0K
+
 (hypokalemia) conditions, the mature hERG channels are no longer present in cells exposed 

to 0 mM K
+ 

for more than 6 h. In subsequent patch clamp experiment cells treated with 0 K
+
 

display no current, which is a biophysical reflection of the loss of functional plasma membrane 

channels. Confocal imaging also supports functional studies since 0K
+
 causes a greatly decreased 

cell surface expression of hERG channels. (Guo et al., 2009). Hypokalemia has also been found 

to prolong cardiac action potential duration  (Roden & Hoffman, 1985). All of this data provides 

evidence that hypokalemia facilitates LQTS by interfering with the density of functioning hERG 

channels on the cell surface. 

 

Long QT Syndrome 

LQTS can be divided on clinical grounds into two main types: familial (genetic) and 

acquired (Moss et al., 1995). LQTS can be associated with a number of cardiovascular 

pathologies such as: syncope, sudden death due to cardiac arrhythmias, TdP and ventricular 

fibrillation (Vincent et al., 1992; Schwartz et al., 1993). Mutations in cardiac ion channels 

including hERG are responsible for familial LQTS.  
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IKr, encoded by hERG, plays a central role in terminal repolarization of myocytes (Wang 

et al., 2009). LQTS can be caused by a disturbance in hERG channels, which affects the level of 

repolarization of cells. Recently is has been reported that  200 mutations in the human gene 

KCNH2 (encoding hERG1) have been  linked to the congenital LQTS, which is characterized by 

a prolonged QT interval on the ECG, occurrence of syncope, and sudden cardiac death (Keating 

& Sanguinetti, 2001). These represent 45% of the total number of LQTS mutations found to date 

(Keating & Sanguinetti, 2001). Many of these hERG mutations generate misfolded hERG 

channels (Gong et al., 2005;Ficker et al., 2003) and some mutant channels are degraded by the 

ERAD pathway upon ubiquitination of the channel protein in a way very similar to CFTR. 

 There are at least 2 known familial forms of LQTS. The first is believed to be inherited 

as an autosomal recessive trait and is associated with congenital deafness (Keating & Sanguinetti, 

2001). The second form is more commonly recognized and is inherited as an autosomal dominant 

trait with no other phenotypic abnormalities (sometimes referred to as Romano Ward syndrome)  

(Romano et al., 1963;WARD, 1964). The latter form is surprisingly associated with a decreased 

risk of arrhythmic episodes when compared to the autosomal recessive form. Many hERG 

mutations cluster around the membrane-spanning domains and the pore region. Some of these 

mutations, such as early nonsense mutations, have a pure loss-of-function effect. Often times the 

encoded mutant proteins misfold and are rapidly degraded (Zhou et al., 1998). However, many 

LQTS–associated mutations in hERG are missense mutations. Since functional IKr channels are 

comprised of heteromultimers with several hERG subunits, it is possible that many of these 

mutations have a dominant-negative effect on channel function (Sesti et al., 2000). It is likely that 

the mutations or polymorphisms in genes associated with the inherited forms of LQTS will 

eventually be shown to increase the risk of the acquired form of this disease (Sesti et al., 2000). 
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Acquired Long QT Syndrome 

Commonly used medications can induce arrhythmias, and this is considered a major 

medical problem. Acquired LQTS results from a direct hERG blockade by a diverse set of small 

organic molecules (Sanguinetti & Mitcheson, 2005) which ultimately leads to a reduced 

repolarizing K
+
 current. Drug therapy - including certain antibiotics, antihistamines, and 

antiarrhythmics, is the most common cause of acquired LQTS. Examples of drugs associated with 

LQTS include terfenadine, cisapride, erythromycin, amiodarone, quinidine, phenothiazines, 

tricyclic antidepressants, and certain diuretics (the latter mediated through drug-induced 

hypokalemia) (Keating & Sanguinetti, 2001). There are two unusual structural features of hERG 

that are not shared by other voltage-gated K
+
 channels and are considered responsible for 

common, non-specific drug interaction. One of these structural features is the presence of two 

aromatic amino acid residues located on each of the 4 subunits that line the central cavity of the 

channel pore: residues of tyrosine and phenylalanine. The other structural feature is the lack of a 

proline residue which increases the size of the hERG inner cavity, thereby creating a larger space 

for the channel-drug interactions to occur (Keating & Sanguinetti, 2001). With respect to the 

presence of tyrosine and phenylalanine, it has been demonstrated, by means of alanine 

mutagenesis scanning, that the two residues dictate high-affinity binding of most drugs that bind 

to hERG (Mitcheson et al., 2000). On the other hand, studies also show  that the docking 

arrangement is not the same for all drugs, and computer modeling suggests that some drugs adopt 

multiple binding arrangements (Masetti et al., 2008;Farid et al., 2006). Studies also indicate that 

drug-induced arrhythmias can be associated with sporadic mutations (Abbott et al., 1999). The 

complexity of the drug-hERG interaction is a principal reason for the difficulty in providing an 

accurate assessment of hERG affinity to chemical structure (Recanatini et al., 2008).  
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Endocytosis 

Ion channels may be regulated through endocytosis which is a cellular process essential 

for a variety of cell functions. Because endocytosis is involved in a large heterogeneous array of 

cellular processes, diverse endocytotic pathways exist to meet the different requirements for 

regulation and specificity. Within our studies we focus specifically on 3 types of pathways used 

for membrane proteins endocytosis:  clathrin-dependent pathway, clathrin-independent caveolin-

dependent pathway, or clathrin- and caveolin- independent pathway. Of these, clathrin-dependent 

endocytosis is the best studied endocytotic pathway for internalization and degradation of many 

membrane proteins including cystic fibrosis transmembrane conductance regulator (CFTR) and 

gap junction protein, connexin 43 (Cx43) (Bradbury et al., 1994;Piehl et al., 2007). It has been 

demonstrated though that hERG endocytosis does not follow a clathrin-dependent route (Guo et 

al., 2009) but may rely on a caveolin-dependent pathway (Massaeli et al., 2010b). 

 

Clathrin-dependent pathway 

The formation of clathrin-coated pits (CCPs) mediates the clathrin-depedent endocytotic 

pathway. The mechanisms by which the proteins in this pathway recruit cargo is through the 

development of  CCPs, that subsequently form clathrin-coated vesicles (CCVs) (Sorkin, 

2004;Schmid & McMahon, 2007). A plethora of adaptor and accessory proteins coordinate 

clathrin nucleation at sites on the plasma membrane, which are destined to be internalized 

(Schmid et al., 2006). The nucleation promotes the polymerization of clathrin into its lattice 

structure and stabilizes the deformation of the attached membrane. The polymerization, more 

specifically, aids in the formation and constriction of the vesicle neck, helping to close off the 

vesicle. The release of the vesicle from the membrane is mediated by a GTPase known as 

dynamin (Praefcke & McMahon, 2004) and subsequently, the vesicle is released into the interior 
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of the cell. The vesicle then undergoes further trafficking before appropriate delivery of its cargo 

through fusion with its destination intracellular compartment. Clathrin-mediated endocytosis is an 

extremely important endocytotic mechanism that accounts for a larger number of endocytotic 

events, and there is also a broad array of cargo types that have been shown to undergo 

endocytosis in a clathrin-independent manner (Kirkham & Parton, 2005). 

 

Clathrin-independent, caveolin-dependent endocytosis 

Pathways that do not rely on clathrin coated pits for intracellular transportation may 

instead, utilize caveolin, a cholesterol binding protein that creates and maintains caveloae 

structures (Kurzchalia & Parton, 1999).  It is known that there are several dozen membrane 

receptors, transporters and signalling molecules that localize to the caveolae.  The virus, SV40, 

for example, uses these caveolae structures to enter the cell (Razani et al., 2002). The virus 

initially interacts with the plasma membrane in a two step process. First it binds to the laterally 

mobile major histocompatibility complex (MHC) class 1 antigens, before it becomes a part of the 

stationary caveolae structure. As the virus is translocated, it leads to its delivery to specific 

intracellular organelles that contain caveolin (given the name caveosomes). The virus then 

detaches from caveolin and is sorted out of the caveosome, eventually making its way to the ER 

(Doherty & McMahon, 2009). We believe this is the mechanism through which hERG is 

endocytosed in hypokalemic conditions. We reported that overexpression of caveolin-1 (Cav-1) 

accelerates the internalization of the mature hERG channels in 0 mM K
+

o while knockdown of 

caveolin-1 impedes this process. Immunihystochemistry analysis showed that the mature hERG 

channels co-precipitated with Cav-1 and internalized hERG channels co-localized with Cav-1 in 

immunocytochemistry analysis (Massaeli et al., 2010b). More recently, we have evidence to link 

the internalization of hERG via Caveolin-3 (Cav-3) with Nedd4-2 (unpublished observation). 
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Clathrin- and caveolin- independent pathways 

A third mechanism of internalization has been identified, which is independent of both 

clathrin and caveolin. Several different pathways are currently being studied as potential 

mechanisms  and meaningful conclusions on the relative impact on these pathways awaits further 

experiments (Nichols & Lippincott-Schwartz, 2001; Mayor & Pagano, 2007) 

 

Ubiquitin 

Ion channels play a major role in regulation of the electric properties of virtually every 

cell. Because of their capacity to  pass more than 10
6
 ions per second across a membrane, their 

activity and expression at the plasma membrane is tightly regulated by a plethora of different 

cellular mechanisms (Rotin & Staub, 2011). In recent years it has become evident that the 

ubiquitin (Ub) system plays a major role in this control (Abriel & Staub, 2005).  Ub is a small,76-

amino-acid residue protein (Sorokin et al., 2009), which serves as a complex post-translational 

modification that is conjugated to lysine residues on a wide assortment of substrates (Hicke, 

2001). It functions within an intricate enzymatic mechanism called ubiquitination, which 

catalyzes the modification of substrate proteins (Hochstrasser, 2009a). The ubiquitination 

mechanism has now been shown to impact on many different types of ion channels and in 

numerous different cellular contexts, including the regulation of membrane abundance via 

influence of the biogenesis or internalization pathways, regulation of activity, and general protein 

stability. Some of these ubiquintination processes are regulated (action of hormones or different 

cellular stresses), whereas other types seem to be constant and active (Abriel & Staub, 2005).  

There are a diverse number of processes regulated by Ub-protein modification and the 

consequences of the modification differ based on whether the Ub is attached as a mono or 
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polyubiquitin chain. The level of ubiquitination of proteins is ultimately determined by the 

activity of Ub-protein ligases and deubiquitinating enzymes (DUBs) (Amerik & Hochstrasser, 

2004). Proteins can be modified by monoubiquitination, the conjugation of a single Ub molecule 

to one or to several lysines. From numerous studies of receptor ubiquitination, it has been shown 

that these receptors become monoubiquitinated, causing internalization (Hicke, 2001; Lucero et 

al., 2000; Galan & Haguenauer-Tsapis, 1997). Monoubiquitination is also required for targeting 

these receptors to the multi-vesicular-body pathway (MVB) (Hicke, 2001) eventually leading to 

lysosomal degradation. Monoubiquitination also regulates the activity of proteins located at the 

plasma membrane. Many plasma membrane proteins are downregulated by internalization into 

the endocytic pathway (Hicke, 2001). 

In addition, because Ub itself carries lysines that act as sites of self-conjugation, multi- 

Ub (polyubiquitination) chains can form and be appended to proteins. Polyubiquitin chains in 

which the carboxy-terminal glycine of Ub is linked to Lys48 of the preceding Ub, mediate the 

best-characterized function of Ub  to target proteins for destruction by the proteasome 

(Hochstrasser, 1996; Voges et al., 1999). Based on the different linkages, the fate of the modified 

substrate is determined.  

Following attachment of Ub to a substrate and binding of the ubiquitinated protein to the 

proteasome, the bound substrate must be unfolded (and eventually deubiquitinated) and 

translocated through a narrow set of channels. This leads it to the proteasome interior, where the 

polypeptide is cleaved into short peptides (Hochstrasser, 1996). Protein ubiquitination and 

deubiquitination are both mediated by large enzyme families, and the proteasome itself comprises 

a family of related but functionally distinct units (Hochstrasser, 1996). Ub can modify protein 

through  2 types of mechanisms: proteolytic and non-proteolytic (Hochstrasser, 2009a). 

Ubiquitination is used in non-proteolytic regulatory mechanisms for membrane protein 
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endocytosis and intracellular trafficking, chromatin-mediated regulation of transcription, DNA 

repair and assembly of signaling complexes and degradation pathways. The proteolytic pathway 

is a mechanism for substrates that must be eliminated for proper cell-cycle progression, regulation 

of transcription, quality control of proteins, circadian rhythms or signal transduction 

(Hochstrasser, 2009a). The modification of target proteins with Ub often (although not always) 

targets them for degradation by the proteasome or lysosomes (Glickman & Ciechanover, 2002; 

Schwartz & Ciechanover, 2009) and is now recognized as a critical mechanism for regulation of 

many cellular functions. The most relevant mechanism of ubiquitination for my research is the 

proteolytic pathway. I hypothesize that Ub is aiding in the degradation of plasma membrane 

hERG channels. Ub modification can cause protein degradation via the proteasomal pathway. Ub- 

attached substrates bind to the proteosome via Ub, which is the organelle responsible for the 

degradation of the substrate, and subsequently the Ub tag is recycled for further use (Glickman & 

Ciechanover, 2002).    

The proteolytic pathway is complex and is composed of many steps. Initially, Ub is 

adenylated by the Ub activating enzyme, E1. The Ub–AMP intermediate that is created is then 

attacked by a sulfhydryl group of the enzyme, yielding an E1–Ub thiolester. The activated Ub is 

then passed to one of a large number of distinct Ub-conjugating (Ubc or E2) enzymes (Finley & 

Chau, 1991;Ciechanover, 1994). The E2 proteins catalyze substrate ubiquitination either alone or 

in conjunction with a Ub-protein ligase, E3. Recent data suggest that E3 proteins may play a more 

direct mechanistic role in Ub transfer to substrates (Abriel et al., 2000;Hochstrasser, 1996;Voges 

et al., 1999). The specificity of ubiquitination systems is critical and is largely regulated by E3’s. 

The two major E3 classes known are RING E3s that facilitate transfer of Ub from an E2 to 

substrates, and Hect E3s, which directly bind Ub and transfer it onto the substrate (Rotin & Staub, 

2011).  Nature has devised mechanisms to control E3 Ub- ligase activity. One elegant solution is 
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illustrated by the role played by Nedd4-2, where phosphorylation inhibits Nedd4-2’s binding to 

the target protein, the epithelial Na
+
 channel ENaC (Snyder, 2009).  ENaC is expressed in the 

distal part of the nephron and is involved in sodium homeostasis and blood pressure control by 

the kidney (Kellenberger & Schild, 2002), and is considered the best-studied case of an 

ubiquitinated ion channel. 

 

Nedd4  

The Nedd4 family has nine members including, Nedd4, Nedd4-2, ITCH, SMURF1, 

SMURF2, WWP1, WWP2, NEDL1 and NEDL2 (Ingham et al., 2004a;Shearwin-Whyatt et al., 

2006a;Harvey & Kumar, 1999). It has been found that Ub plays a role in the internalization of the 

membrane localized hERG channels, and I hypothesize that Ub is interacting through the Ub 

ligase, Nedd4-2. As previously stated there are 3 different Ub- ligases: E1, E2, and E3. It is now 

clear that different types of Ub conjugates are involved in the regulation of different cellular 

processes (Pickart, 2001; Hicke, 2001): Ub- activating (E1), Ub-conjugating (E2), and Ub- ligase 

(E3) (Pickart, 2001). Neural precursor cell- expressed developmentally downregulated gene 4 

(Nedd4) (Yang & Kumar, 2010)  has two known isoforms: Nedd4-1 and Nedd4-2 (also  known as 

Nedd4L). Nedd4-1 was found first and is likely the ancestral member of the family. Nedd4-1 is 

needed for proper formation and functioning of neuromuscular junctions and is highly expressed 

in skeletal muscle (Liu et al., 2009). It is also found to regulate the interaction between the motor 

neurons and the muscle (Liu et al., 2009). Nedd4-1 has many additional substrates but is mostly 

associated with its role in cancer: more specifically casitas B-lineage lymphoma (Cbl) (Yang et 

al., 2008;Magnifico et al., 2003;Lafont & Simons, 2001).  Nedd4-2 is the more recently 

discovered form of this gene and is considered to contain a more complete sequence. It is 

hypothesized that Nedd4-2 originated later in evolution, perhaps by gene duplication (Yang & 

Kumar, 2010).  All Nedd4’s are characterized by a COOH-terminal catalytic homologous to E6-
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AP-COOH terminus (HECT) domain (Huibregtse et al., 1995) (Yang & Kumar, 2010), several 

WW domains (protein: protein interaction) (Staub & Rotin, 1996); and an NH2-terminal, calcium-

dependent, lipid-binding (C2) domain (Nalefski & Falke, 1996a). This structure is characteristic 

of all Nedd4 family members (Ingham et al., 2004a;Shearwin-Whyatt et al., 2006a;Harvey et al., 

1999). The WW domains on Nedd4-1 and Nedd4-2 can bind to the PPxY (PY) motifs on specific 

channels. 

 

Nedd4-1  

There are a number of pathways/ targets regulated by Nedd4-1, one being growth factor 

receptor regulation (Morrione et al., 1999). A few of the receptors studied include epidermal 

growth factor receptor (EGFR) (Katz et al., 2002), vascular endothelial growth factor receptor-2 

(VEGF-R2) (Murdaca et al., 2004), and insulin receptor (IR) and insulin growth factor receptor -

1(IGF-1R) (Peruzzi et al., 2001;Cao et al., 2008;Fouladkou et al., 2008). More specifically, Cao 

et al.utilized a Nedd4 knockout mouse to demonstrate Nedd4-1 regulation of  insulin growth 

factor receptor 1 (IGF-1R). When Nedd4-1 was knocked out the signaling pathways, MAPK and 

Pl3K, responsible for stimulation of IGF-1R were diminished.  Furthermore, cell surface 

expression of IGF-1R and IR were reduced in knock-out (KO) mice. The primary phenotype of 

the KO mice was growth retardation. KO embryos showed slower growth and had a poor 

response to serum after serum depravation compared to wild type embryos (Cao et al., 2008). 

Both IGF-1R and IR signaling were affected by Nedd4-1 KO. This study forms a clear picture 

that Nedd4 is a positive regulator of proliferation and growth, especially during the embryonic 

phase of development through interactions with IGF-1R/IR (Cao et al., 2008).  

In 1990 Heissmeyer et al. suggested Nedd4-1’s involvement in T-cell activation.  They 

concluded that ITCH (Nedd4 family member) and possibly Nedd4-1, contribute to T-cell 
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unresponsiveness (Heissmeyer et al., 2004). To study the specific role of Nedd4-1 in T-cells, 

mice lacking Nedd4-1 were created and displayed normal T-cell development in the thymus, but 

their T-cells in the periphery were hypo-responsive. KO T-cells demonstrated a poor proliferation 

rate in response to antigens. It was concluded that Nedd4-1 likely promotes T-cell activation and 

enhancement of adaptive immune response (Heissmeyer et al., 2004).  

Briefly mentioned previously was Nedd4-1’s role in neuromuscular junctions. Lui et al. 

studied Nedd4-1 KO embryos, and they found that E3 is essential for proper formation and 

functioning of neuromuscular junctions. Nedd4 was identified in skeletal muscle. The Nedd4-1 

KO embryos demonstrated that size of skeletal muscles and numbers of motor neurons were 

reduced (Liu et al., 2009). Nedd4-1 is not expressed in motor neurons, so therefore they 

suggested that Nedd4-1 regulates the interaction between motor neurons and the muscle (Liu et 

al., 2009. 

Another potential target of Nedd4 is VEGF-R2, a protein responsible for stimulating 

vasculogenesis and angiogenesis (Liu et al., 2009;Murdaca et al., 2004). Grb10 is a protein that is 

a positive regulator of VEGF signaling. VEGF increases Grb10 expression and this increased 

expression increases Tyr phophorylation of VEGF-R2 and causes an accumulation of the protein. 

Murcada et al. found that Nedd4-1 mediates the degradation of VEGF-R2 and Grb10 inhibits this 

process by binding to Nedd4-1. The Nedd4-1 KO exemplifies accumulated Grb10. The details of 

this pathway have yet to be identified .The pathogenesis that is proposed by this model is that if 

Nedd4-1 leads to increased VEGF-R2 protein, it could potentially lead to deregulation of 

vasculogenesis and angiogenesis  and could potentially be linked to Nedd4-1’s role in cancer (Liu 

et al., 2009;Murdaca et al., 2004)  

Nedd4 has many different functions and consequences if compromised. Nedd4-1 has also 

been identified in the regulation of viral budding. Viral budding is one of the routes progenies 
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take to leave the host cells. Viruses like Epstein-Barr virus  retrovirus (Strack et al., 2000) and 

Ebola virus (Harty et al., 2000) contain motifs that interact with Nedd4-1 or Nedd4-2 WW 

domains. The binding of Nedd4-1/ Nedd4-2 leads to the ubiquitination of viral matrix protein and 

aids in the recognition by cellular ESCRT machinery (Yang & Kumar, 2010).  The Epstein - Barr 

virus contains a latent membrane protein 2A (LMP2A) that is involved in Nedd4-1 interaction. 

The LMP2A contains a PY motif on its N-terminus that recruits Nedd4-1. Ubiquitination of viral 

proteins, such as the Epstein-Barr, serves as a signal for trafficking through the hosts vesicular 

transport system. 

 

Nedd4-2 

Nedd4-2 is classified as an E3 Ub-ligase and, more specifically, responsible for substrate 

recognition and promotes the transfer of Ub to the target protein (Flores et al., 2003), in this case 

hERG. I hypothesize that Nedd4-2 is facilitating Ub binding to the mature hERG channels and 

thus, causes the channels to be degraded, which in turn decreases the density and thus total 

current passing through the channel.  

Of all of the proteins that have been identified as targets for Nedd4-2, the best 

characterized target is ENaC. Although several members of the Nedd4  family have been reported 

to interact via their WW domains with ENaC (Nedd4, Nedd4-2, WWP1, and WWP2), there is 

compelling evidence that ENaC is primarily regulated by Nedd4-2 (Abriel & Staub, 2005).  It has 

been found that the PY motifs on the channel act as binding sites for the Nedd4-2/Nedd4-2-like 

family of Ub protein ligases (Zhou et al., 2007;Flores et al., 2003). E3 Ub ligases have been 

found to act on the channels PY motifs as a binding site to the channel. The literature suggestes 

that Nedd4-2 is recruited by the PY motif (PPxY) located in the C termini of alpha-, beta-, and 

gamma ENaC subunits (Staub et al., 1996;Harvey et al., 1999). Upon the binding of Nedd4-2 to 
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ENaC, the channel is subsequently ubiquitinated (Flores et al., 2003). Nedd4-2 overexpression 

increased ubiquitination and decreased ENaC current by reducing its expression on the cell 

surface (Zhou et al., 2007). 

The PY motif present on ENaC is the same as the one found on the C-terminus of the 

hERG channel: PPXY (GeneBank U04270.1). Also, recently our lab has identified Ub as a player 

in hERG endocytosis in 0K
+
 conditions (Sun et al., 2011). We found that an increase in 

ubiquitinated hERG was detected in cells expressing WT hERG in 0 mm K
+
 culture. Thus, there 

is a correlation between hERG degradation and Ub modification (Sun et al., 2011). The binding 

site of Nedd4-2 being present on the channel as well as recent proof that Ub modification plays a 

role in hERG internalization provided rationale for me to further investigate Nedd4-2 as a 

possible player mechanism in the endocytosis of hERG.  
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Figure 4. Proposed Nedd4-2 Interaction and Endocytosis pathway with hERG. Nedd4-2 

chaperones Ub to the PPXY motif on the hERG channel. The channel is subsequently tagged with 

Ub, internalized and lead into a degradation pathway. Ub is then recycled. 
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Hypothesis and study objectives 

Given the importance of hERG for normal heart function, and based on the literature 

discussed, it is clear that much remains to be discussed about the endocytosis/ degradation 

pathway of hERG in normal physiological conditions.  

Ubiquitination plays a role in the degradation of the cell-surface hERG channels under 

low K
+
 conditions. However, mechanisms of Ub -hERG interactions under physiological 

potassium conditions are unknown. With this in mind I hypothesize that Nedd4-2 (E3 Ub 

ligase) binds to mature hERG channels and increases degradation of the channel by 

promoting Ub modification (Figure 3).  To test this hypothesis we used a number of techniques: 

Western blot analysis, confocal imaging, whole cell patch clamp, and coimmunoprecipitation. 

Western blot analysis was used to identify hERG and Nedd4-2 expression levels in HEK cells 

under various conditions. These conditions include transfection of Y1078A point mutant hERG 

and C-terminal truncation mutation ∆1073; Nedd4 siRNA transfection in hERG-HEK cells and 

Nedd4-2 expression in rat and rabbit ventricular tissues. Confocal imaging was used to visually 

see the internalization of the hERG channels upon the transfection of Nedd4-2. Whole cell patch 

clamp was used to determine if Nedd4-2 was specifically targeting hERG or if it was interacting 

with other channels such as Kv1.5 and EAG. Patch clamp was also used in conjunction with 

western blot analysis to see the effects of the mutation in hERG on Nedd4-2 transfected cells. Co-

IP was used to elucidate the association between Ub and Nedd4, and implicate Nedd4-2 as an Ub 

ligase.  
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The following experiments were performed to address the hypothesis that Nedd4L mediates 

ubiquitination of hERG channels:  

1. Examine effects of alterations in Nedd4-2 expression levels on the expression 

and function of hERG channels.  

2. Determine the colocalization between hERG and Nedd4-2 proteins 

3. To study Ub-hERG interactions in cells with either Nedd4-2 overexpression or 

knockdown 

4. Identify the Nedd4-2 targeting site in hERG channels 

5. Establish the presence of  Nedd4-2 in cardiac myocytes 
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CHAPTER 2: MATERIALS AND METHODS 

Molecular Biology  

              A hERG-expressing human embryonic kidney (HEK) 293 stable cell line (hERG-HEK 

cells) was obtained from Dr. Craig January (University of Wisconsin-Madison, WI). hERG 

cDNA was obtained from Dr. Gail A. Robertson (University of Wisconsin-Madison, WI). The 

Y1078A mutation was generated using the overlap extension PCR technique.  EAG- or Kv1.5-

expressing stable HEK-293 cell lines have been previously created in our lab using G418 

selection method. Human Nedd4-2 plasmid in pBluescript II was obtained from Kazusa 

DNA Research Institute, Chiba, Japan. The open reading frame was amplified using PCR 

and cloned into HA-pcDNA3 (Invitrogen) to generate HA-tagged Nedd4-2. Nedd4 siRNA 

was purchased from Sigma. Primary antibodies against hERG (anti-Kv11.1), Ub, HA, or actin 

were purchased from Sigma. Control siRNA, protein A/G PLUS-Agarose, and secondary 

antibodies against rabbit, goat, or mouse were purchased from Santa Cruz Biotechnology Inc. 

(Santa Cruz, CA).  

 

Cell transfection 

Cells are incubated in 5 mM K
+
 MEM and grown to approx 80-85% confluence. Two 

tubes are prepared: one containing OPTI media and Lipofectamine (10 µl for every 250 µl of 

OPTI), and the other tube: OPTI media and   2 µg of plasmid for patch experiments (35mm 

dishes), 4 µg of plasmid (if using 60 mm plates) and 8 µg of plasmid if using 100 mm plates. The 

plasmids- media are mixed with Lipofectamine-media for 20 min. Media on the cells is changed 

to OPTI, Lipofectamine and plasmid mixture is added to plates. For control plates we add the 

Lipofectamine and OPTI mixture with empty pCDNA3 vector. Then the cells are incubated for 4-
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6 hours. The media is then changed back to serum-supplemented MEM media. This point is 

treated as time 0, and the time-dependent effects of Nedd4-2 on hERG current are examined 

Majority of experiments were performed 24 h after transfection. 

 

siRNA and plasmid transfection  

               Basal Nedd4-2 in hERG-HEK cells was knocked down using the Nedd4-2 siRNA 

(Sigma). Scrambled siRNA was used as the control. Cells were grown in 60 mm dishes at 60-

70% confluence, 80 pmole of duplex siRNA was transfected into cells using Lipofectamine 2000 

(Invitrogen). Twenty-four to 48 h after transfection of siRNA, cells were subsequently collected 

and used for Western blot analysis. 

 

Western blot analysis  

               Whole cell lysates from hERG-expressing HEK 293 cells are used for the Western blot 

analysis. Total cell protein was obtained by treating cells with a lysis buffer in the presence of 

protease inhibitor cocktail and PMSF and N-ethylmaleimide (Sigma). Sample proteins at 15 

g/lane were separated on 8% SDS polyacrylamide electrophoresis gels, transferred onto 

polyvinylidene difluoride (PVDF) membranes, and blocked for 1 h with 5% non-fat milk 0.1% 

Tween 20 in Tris-buffered saline for 1 hour. Following this, the membrane is immunoblotted with 

appropriate primary anti-bodies then signals are detected using horseradish peroxidase conjugated 

secondary antibody. Detected protein was then visualized with Kodak film using Enhanced 

Chemiluminescence (GE Healthcare).  
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Coimmunoprecipitation (Co-IP)  

 Twenty-four to 48 h after transfection, the cells are lysed in 500 µL of lysis buffer in the 

presence of protease inhibitor cocktail and PMSF and N-ethylmaleimide (Sigma) and then spun 

down at 10,000 rpm for 10 minutes at 4˚C. The supernatant is then transferred to a fresh tube on 

ice. The concentration of protein is detected using the Bradford protein assay method (Bio-rad). 

The proteins are then diluted to 1µg /µl (total 0.5- 1ml) in each tube. hERG N-20 primary 

antibody (10 µl) is added to the tubes containing 0.5 mg proteins and then put in cold room on the 

rotator for 6 hours. Upon completion of the 6 hours, 50 µl of resuspended volume of Protein A/G 

agarose is added to the tubes which are then on the rotator overnight. The immunoprecipitates are 

collected by centrifuging the samples at 15,000 rmp for 1 min at 4˚C. The pellet was then washed 

(up to) 4 times with 1.0 ml lysis buffer, each time repeating centrifugation step above. After the 

final wash, the supernatant was discarded and the pellet resuspended in 2X loading buffer. The 

samples are then boiled for 5 min and centrifuged at 15,000rpm for 5min. The supernatant is then 

analyzed by Western blot analysis.  

 

Immunofluorescence microscopy  

 Live hERG-HEK cells at 24 h after transfection with HA- tagged Nedd4-2, or empty 

vector as a control (pCDNA3), were treated with a rabbit anti-hERG antibody (anti-Kv11.1; 

Sigma) for 30 min at room temperature. This hERG antibody targets the external S1–S2 region of 

the channel and thus serves to label the cell-surface hERG channels. The unbound antibody is 

washed away with MEM. The cells are cultured in 5 mM K
+
 MEM for 4 h and then cells are 

washed and fixed with 4% ice-cold paraformaldehyde for 15 minutes, permeabilized with 0.2% 

Triton X-100, and blocked with 5% BSA in phosphate buffer solution. Antibody-labeled hERG 

channels were stained with Alexa Fluor 488–conjugated anti-rabbit secondary antibody. The cells 
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were also incubated with mouse anti-HA primary antibody and Alexa Fluor 594–conjugated anti-

mouse secondary antibody to detect overexpressed HA-tagged Nedd4-2. Nuclei are stained using 

Hoechst 33342 (0.2 g/ml; Sigma-Aldrich). Images are acquired using a Leica TCS SP2 Multi 

Photon confocal microscope at Queen’s University Cancer Research Institute Image Centre (Guo 

et al., 2009). 

 

Patch-Clamp Recording 

              The whole cell patch-clamp method was used for IhERG recordings. The pipette solution 

contained (mM) 135 KCl, 5 EGTA, 1 MgCl2, and 10 HEPES (pH 7.2). The bath solution 

contained (mM) 135 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 glucose, and 10 HEPES (pH 7.4). For 

selection of transiently transfected cells with Nedd4 plasmids, a plasmid encoding GFP (pIRES2-

EGFP, Clontech) was co-transfected and only GFP-positive cells were used for IhERG recordings.  

               For recording families of hERG currents at various voltages the currents were evoked by 

depolarizing steps to voltages between 70 and +70 mV in 10-mV increments. The holding 

potential was -80 mV. The hERG tail currents were recorded upon a repolarizing step to 50 mV 

for 5s (Figure 4). The tail current amplitude upon 50 mV repolarization after +50 mV 

depolarization was used for analyzing IhERG amplitude. Patch clamp experiments were performed 

at room temperature (22 ± 1
o
C).  

            For recording EAG the holding potential is also -80mV, and currents were evoked by 

depolarizing steps in voltages between -70 and +70mV in 10-mV increments. Voltage steps were 

held for 4 seconds (Figure 5). Kv1.5 protocol is very similar to that of EAG, except voltage steps 

were only held for 400ms (Figure 6) 
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Figure 5. A.hERG voltage protocol. B.hERG sample tracing. Cells underwent depolarizing 

voltages between 70 and +70 mV in 10-mV increments. Cells were held at -80 mV. The hERG 

tail currents were recorded upon a repolarizing step to 50 mV for 5s. 

A 

B 
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Figure 6. EAG voltage protocol. B.EAG sample tracing. Cells underwent depolarizing voltages 

between 70 and +70 mV in 10-mV increments. Cells were held at -80 mV. Voltage steps were 

held for 4 seconds. 

A 

B 
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Figure 7. Kv1.5 voltage protocol. B. Kv1.5 sample tracing. Cells underwent depolarizing 

voltages between 70 and +70 mV in 10-mV increments. Cells were held at -80 mV. Voltage 

steps were held for 400 ms. 

A 

B 
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Statistics 

  For Western blot, Co-IP and confocal imaging analysis, at least four independent 

experiments will be performed to ensure the consistency of the findings. All data are expressed as 

the mean ± the standard error of the mean (S.E.M). A one-way ANOVA or two-tailed Student’s t-

test was used to test for statistical significance between the control and test groups. A P-value of 

0.05 or less is considered significant. 
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CHAPTER 3: RESULTS 

Nedd4-2 decreases the Mature hERG Channels  

There are 2 known forms of Nedd4 that could possibly be present in HEK293 cells, 

Nedd4-1 and Nedd4-2. Results in Figure 7 show a western blot; a group of cells transfected with 

Nedd4-2 (Figure 7A) and a group transfected with Nedd4-1 (Figure 7B). Twenty-four hours after 

transfection, whole-cell proteins were extracted and separated by SDS-PAGE. Both hERG and 

Nedd4 were detected using Western blot analysis.  Nedd4-2 overexpression significantly 

decreased the mature, fully glycoslyated hERG channels (155kDa). Expression levels of Nedd4 

were detected as well to confirm over-expression. Since Nedd4-2 but not Nedd4-1 significantly 

reduces HERG expression level, Nedd4-2 was the focus of my project.  

 

Nedd4-2 Interacts with hERG after 4 h Transfection 

Nedd4-2 was found early on in my studies as the plasmid of interest (Figure 7). 

Identifying the time course of action of Nedd4-2 on the hERG channel would be very helpful 

when moving forward with experiments. Next, a time course experiment was designed to track 

the effects of Nedd4-2’s on hERG between 2 h and 24 h.  To study the time course of Nedd4-2 on 

HERG channels, hERG-HEK cells were transfected with empty pCDNA3 (control) or Nedd4-2.  

The cDNA and Lipofectamine mixtures were added to the serum-free DMEM for 4 hours. The 

medium was then changed to serum-containing MEM.  After this medium change, cells were 

collected at different time points and the hERG current was recorded by whole-cell patch clamp 

method.  The results show that Nedd4-2 had no effect on IhERG at 2 h and it significantly 

decreased IhERG at 4 h (Figure 8) presumably showing that Nedd4-2 has caused internalization of  
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Figure 8. Nedd4-2 is Involved in the Degradation of Mature hERG channels in 5mM K
+
 

conditions  A, Western blot analysis  of  control and Nedd4-2 transfected cells. Nedd4-2 causes a 

reduction in mature hERG (155kDa) expression levels compared to control. B, Cells transfected 

with Nedd4-1 show no change in mature hERG channel density. In both A and B the transfection 

of the appropriate Nedd4 was detected to ensure effects on hERG were in fact due to the 

transfection of the plasmid. 
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Figure 9. Time course of Nedd4-2 Interaction with hERG. hERG control cells were transfected 

with pCDNA3 and hERG cells were transfected with Nedd4-2. Groups were extracted at 2h, 4h 

and 24h post- transfection. Whole-cell patch clamp method was used to record the current passing 

through the cells (Y axis). Data was plotted on a bar graph: control cells are represented in red 

and Nedd4-2 transfected cells in blue. 
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hERG at this time. A further decrease in current was demonstrated after 24 h transfection. Based 

on the data in Figure 8, we conclude that Nedd4-2 effects are first demonstrated 4 h after cells 

were cultured in the serum MEM medium post-transfection. 

Nedd4-2 Specifically Targets hERG channels 

  

There are many different ion channels in the heart. To determine if Nedd4-2 is 

specifically targeting hERG, we transfected hERG along with Kv1.5 and EAG cells with Nedd4 

(and control group with empty vector, pCDNA3) and measured the current using the whole cell 

patch clamp method (Figure 9). Control hERG, Kv1.5 and EAG cells all demonstrated large 

currents. Upon the transfection of Nedd4-2, the Kv1.5 and EAG currents remained unchanged 

compared to the controls whereas hERG was completely eliminated. Out of the selected ion 

channels, Nedd4-2 specifically acted specifically on hERG but showed no effect on either Kv1.5 

or EAG (Figure 9).  

 

 Effects of Nedd4-2 on hERG Channel Current-Voltage Relationship 

  IV curves are used to plot the relationship between current amplitudes and voltages. The 

hERG IV relationship shows that as voltage is stepped up from -70mV to +10 mV the total 

current moving through the channels increases with each step (square) (n=5). As the voltage is 

stepped from 10 mV to +70 mV the current begins to decrease (Figure 10). This decrease in 

current is due to inactivation. As more and more channels inactivate the current decreases and the 

curve begins to fall. hERG currents in Nedd4-2 transfected cells (circle) (n=5) show a very 

similar characteristic but with a drastically decreased amplitude (Figure 10). Peak currents for 

both Nedd4-2 and control are found at approximately +10mV. I am hypothesizing that Nedd4-2 

facilitates Ub attachment to hERG which subsequently causes internalization of the channel. The  
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Figure 10.  Nedd4-2 specifically targets hERG. Top panel shows electrophysiological recordings 

of control hERG, Kv1.5 and EAG vs. Nedd4-2 transfection of the same 3 channels. Kv1.5 and 

EAG are the same before and after Nedd4-2 24h transfection. In contrast, hERG is affected by 

Nedd4-2 and subsequently in the Nedd4-2 transfected cells the current is completely knocked out 

in comparison to control. The lower panel shows the summarized amplitude data. Voltage 

protocols are shown in the methods section. Current amplitude was measured by tail current at -

50mV after 50-mV depolarizing steps for the hERG channel, or by pulse current at the end of a 

depolarizing step to 70mV for EAG, and Kv1.5 channels. 
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decreased IhERG is due to the reduced hERG numbers caused by Nedd4-2 overexpression. The 

similar IV curves between control and Nedd4 transfected cells support this hypothesis. 

 

Effects of Nedd4-2 on hERG Channel Activation 

 

 Activation curves plot channel open probability vs. voltage. hERG is identified as a 

delayed rectifier channel, and since the channel is very reluctant to open a longer pulse is required 

for the channels to open and pass current.  The change in current on an activation curve can best 

be described by I=NxPoxC. I represents total current passed, N is defined as the number of 

channels, Po is the probability of the channels being open and C is a constant. The variables here 

that affect the total current passed are N and Po.  Figure 11 displays the activation curves of 

control hERG cells (square) and cells transfected Nedd4-2 (circle). V50 values for control and 

Nedd4-2 are 8.5mV ± 1.7 and 0.9mV ±2.4 respectively (P<0.05). The exact reason for this 

difference is unknown. When the slopes of both curves were analyzed, the control slope was 

calculated as 7.1 ± 0.5 and Nedd4-2 was 8.3 ± 0.6 (P>0.05).  

 

 

 

 

 

 

 

 

 

 



39 

 

 

-80 -60 -40 -20 0 20 40 60 80

-200

0

200

400

600

800

1000
C

u
rr

e
n

t 
(p

A
)

Voltage (mV)

 Control

 Nedd4 

 
 

Figure 11. Effects of Nedd4-2 on hERG Channel Current-Voltage Relationship. hERG cells were 

stimulated under voltage-clamp using whole-cell patch clamp configuration. hERG currents were 

recorded from -70mV to +70mV in 10 mV increments (■) (n=5). Nedd4-2 transfected cells were 

recorded in the same configuration and voltage range as hERG (   )(n=5). Values represent the 

mean ± standard error.   
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Figure 12. Effects of Nedd4-2 on hERG Channel Activation. hERG cells were stimulated under 

voltage-clamp using whole-cell patch clamp configuration. A. hERG currents were recorded from 

-70mV to +70mV in 10 mV increments (■) (n=5). Nedd4-2 transfected cells were recorded in the 

same configuration and voltage range as hERG (   )(n=5). B. The probability of opening was 

plotted against voltage from the same groups of cells as in A. Values represent the mean ± 

standard error. 
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Nedd4-2 Causes Internalization of hERG Channels 

 

 The top left panel of Figure 12, shows control hERG cells that are cultured and are 

subsequently stained with a primary anti-hERG antibody and, tagged with a secondary an Alexa 

Fluor 488-conjugated (green) secondary anti-rabbit antibody. The middle panel is the cell image. 

The top right image is the merger of the left and middle images, which proves that the hERG 

channels (green) are in fact found on the cell surface. The lower left panel shows cell  

surface hERG channels, the second image shows Nedd4-2 expression detected with a  mouse 

anti- HA primary antibody and Alexa Fluor 594-conjugated anti-mouse secondary antibodies . 

The third picture shows the result of Nedd4-2 application to the hERG cells. The cell that was 

transfected with Nedd4-2 (red) shows no cell-surface localized mature hERG channels. Upon the 

transfection of Nedd4-2, the mature plasma membrane hERG channels were subsequently 

internalized (Figure 12).   

 In confocal imaging (Figure 12) I labeled the cell surface HERG channels, as well as 

Nedd4-2 and followed Nedd4-2’s effect on plasma membrane hERG channels. The Nedd4-2 

plasmid was transfected for 4 h before cells were fixed and analyzed. Consistent with previously 

discussed data, the mature hERG channels were internalized within the cell that contained the 

Nedd4-2 plasmid. Note that not all cells contained Nedd4-2; this is due to a transfection rate of  

approximately 30%-60% as judged by our immunocytochemistry data. 
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Figure 13.  Nedd4-2 Causes Internalization of Mature hERG Channels. Upper panel: confocal 

images that show hERG channels (in green) are present on the cell surface. The cell surface 

hERG channels were tagged with anti-hERG antibody.  The labeled hERG was detected with an 

Alexa Fluor 488-conjugated (green) secondary anti-rabbit antibody. On the bottom panel it shows 

that when cells were transfected with Nedd4-2, the hERG channels subsequently internalized. A 

mouse   anti- HA primary antibody and Alexa Fluor 594-conjugated anti-mouse secondary 

antibodies were used to detect HA-tagged Nedd4-2 (red). 
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Nedd4-2 Causes Increased Ub Binding to hERG Channels 

 

 Nedd4 is identified as an E3 Ub ligase  (Hochstrasser, 1996;Flores et al., 2003;Yang & 

Kumar, 2010). Co-IP was used to test that Nedd4-2 is in fact facilitating Ub attachment to hERG 

channels. Cells were incubated for twenty-four to 48 h after transfection, the cells were lysed and 

the protein concentration was determined. The proteins were then diluted to 1µg /µl (total 0.5- 

1ml) in each tube. hERG N-20 primary antibody (10 µl) was added and incubated for 6 h then 50 

µl of resuspended volume of Protein A/G agarose  was added to the tubes which are then on the 

rotator overnight. Samples are collected, centrifuged and loaded into the gel. The supernatant is 

then analyzed by detecting for Ub expression by using Western blot analysis. Results in Figure 13 

demonstrate that the Nedd4-2 increased the signal of Ub in hERG-precipitate proteins.  

 

Y1078A + ∆1073 Mutations Eliminate the Effects of Nedd4-2 on hERG 

 

 Y1078A, and ∆1073 stable cell lines were produced in our laboratory. The Y1078A point 

mutation and ∆1073 C-terminus truncation mutation are expected to disrupt the Nedd4-2 binding 

site in hERG.  Figure 14A shows Western blot data for WT hERG cells vs. Y1078A and ∆1073 

mutation cells. Control hERG cells show strong 155kDA and 135kDa bands whereas WT Nedd4-

2 shows a decrease in mature hERG channels as established earlier. When controls are compared 

with Y1078A mutation bands, Nedd4-2 does not result in the same increased degradation as WT. 

The same is seen in the ∆1073 mutation, Nedd4-2 has no effect on the degradation of the mature 

hERG channels. In addition to the western results, ed patch clamp experiments revealed that the 

Y1078A and ∆1073 mutations knocked out the effect of Nedd4-2. The WT with Nedd4-2  
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Figure 14. Involvement of Ub in Nedd4-2 vs. Control. Ub proteins were precipitated using hERG 

affinity beads from 0.5-mg lysates from cells. The ubiquitinated hERG was detected using anti-

Ub antibody. Co-IP analysis comparing control cells and Nedd4-2 transfected cells shows that 

Nedd4-2 demonstrates an increased level of Ub expression. 
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transfection abolished the current whereas the currents of both Y1078A and ∆1073 were only 

slightly decreased by Nedd4-2 overexpression. Thus Nedd4-2 binds to the PPXY sequence (aa 

1075-1078) in hERG to facilitate hERG ubiquitination. 

 

Knockdown of Nedd4-2 Increases Mature hERG Expression 

 

 Basal Nedd4-2 in hERG-HEK cells was knocked down using the respective siRNA and 

scrambled siRNA was used as the control. We used Nedd4-2 siRNA to silence Nedd4-2 

endogenous effects to see its effect on hERH protein expression (Fgure 15). Twenty-four to 48 h 

after transfection of siRNA, cells were subsequently cultured in 5 mM K
+
 MEM and were used for 

western blot analysis. Knocking down of Nedd4-2 slightly increased the mature hERG band. 

Densitometry reveals, there is relative increase of 23% from control to Nedd4 siRNA. This gives 

evidence that Nedd4-2 may have an endogenous role in hERG regulation. Nedd4-2 (112kDA) was 

detected to prove that the siRNA did, in fact, knock down the Nedd4-2 levels.   

 

Nedd4-2 is Present in Rat and Rabbit Ventricular Tissues 

 

 Lastly, it is necessary to prove that Nedd4-2 has relevance in animal models. To test 

this we isolated neonatal rat ventricular myocytes, rat ventricular tissue, and rabbit ventricular 

tissue and, using western blot analysis, detected for endogenous Nedd4-2 protein (Figure 16). 

Nedd4-2 was found present in all 3 types of tissue suggesting that Nedd4-2 may indeed have a 

role in regulating the hERG channel in vivo. 
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Figure 15. Y1078A and ∆1073 hERG Mutations Eliminate Nedd4-2 Effects on hERG Channels. 

Stable WT, ∆1073 or Y1078A hERG HEK cell lines were transfected with pcDNA3 (control) or 

Nedd4-2 plasmid. Western blot or whole-cell patch experiments were performed 24 h after 

transfection. A,Effects of Nedd4-2 overexpression on WT, Y1078A and ∆1073 mutant hERG 

channel expression levels (A, n=2). B,Effects of Nedd4-2 overexpression on WT, Y1078A and 

∆1073 mutant hERG channel currents (n=3-5 cells).   
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Figure 16. Knockdown of Nedd4-2 Increases Mature hERG Expression.Western blot analysis of 

control and Nedd4-2 siRNA transfected cells. Nedd4-2 siRNA shows a recovery of hERG 

channels on the cell surface, similar to the expression of mature hERG channels in control group. 

Furthermore, to prove Nedd4-2 was in fact knocked down by the siRNA plasmid, Nedd4-2 was 

detected for (112kDa). 
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Figure 17. Nedd4-2 is Present in Rat and Rabbit Tissues. Western blot analysis of neonatal rat 

ventricular myocytes, rat ventricular tissue and rabbit ventricular tissue detected for Nedd4-2. All 

three show an endogenous expression of Nedd4-2. 
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CHAPTER 4: DISCUSSION  

hERG encodes IKr which plays a key role in repolarization of the cardiac action potentials 

( Roden et al., 1986; Sanguinetti et al., 1995; Sanguinetti & Tristani-Firouzi, 2006) . Roden et al., 

Mutations in hERG can reduce IKr, interfere with cardiac repolarization, and cause inherited 

LQTS, which can lead to ventricular arrhythmias and sudden cardiac death (Keating and 

Sanguinetti, 2001). Moreover, blockade of hERG channels by commonly used medications cause 

acquired LQTS. While the biophysical and pharmacological properties of the hERG channel are 

intensively studied, it is not known how the density of hERG channels in the plasma membrane is 

regulated. 

 The homeostasis of hERG in the plasma membrane is determined by forward (targeting 

to membrane) and backward trafficking (retrieval from plasma membrane). While defective 

trafficking can be caused by hERG mutations and drugs ( Moss et al., 1995; Wang et al., 2009), 

the degradation pathway of HERG channels remains largely unknown. My project demonstrates a 

novel degradation pathway of hERG channels that relies on the involvement of Ub ligase, Nedd4-

2. 

Nedd4 E3 Ub-protein ligase accepts Ub from an E2 Ub-conjugating enzyme in the form 

of a thioester and then directly transfers the Ub to targeted substrates. Nedd4 proteins are 

characterized by a HECT domain, several WW domains and a C2 domain (Ingham et al., 2004a; 

Harvey et al., 1999; Shearwin-Whyatt et al., 2006a). The C2 domain and multiple WW domains 

are in the N-terminus regulate cellular localization and substrate selection by the Nedd4 proteins. 

WW domains found in a variety of different proteins, have been shown mediate substrate  

recognition by predominately binding to the proline-rich motif, PPxY (Chen & Sudol, 1995). See 

below. 
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Nedd4-2 interacts with PY motif on the hERG channel 

 The PPxY sequence found on the hERG channel is similar to the sequence found on 

voltage-gated sodium channels Nav1.5 (Lafont & Simons, 2001), ENaC (Staub et al., 2000;Flores 

et al., 2003) and Navs (Fotia et al., 2004), all of which have demonstrated interaction with Nedd4-

2.  PY motifs of ENaC play an essential role in the control of ENaC activity ( Lee et al., 2009; 

Rougier et al., 2005; Zhou et al., 2007). Where they act as binding sites for Nedd4 WW domains 

(Harvey et al., 1999;Staub et al., 1996). Naturally occurring mutations disrupting the PY motif  of 

ENaC have been found to be responsible for Liddle’s syndrome (a form of human hypertension) 

(Abriel et al., 2000;Flores et al., 2003;Zhou et al., 2007). In fact, ENaC is the most thoroughly 

described, and one of the earliest known targets of Nedd4-2.  Furthermore, Nedd4-1 has shown to 

have redundant functions in ENaC regulation as Nedd4-2 (Harvey et al., 2001;Kamynina et al., 

2001;Snyder et al., 2004). Both Nedd4-1 and Nedd4-2 have been found to act on many different 

substrates, including a number of non-epithelial membrane proteins which are similarly regulated 

by Nedd4-2/Nedd4-2-like Ub-protein ligases, such as the cardiac-voltage gated sodium channel, 

H1 (Flores et al., 2003). Interestingly the cardiac- voltage sodium channel is regulated in a similar 

manner to ENaC (Abriel et al., 2000)  For example, upon co-expression of Nedd4-2 with the H1 

channel, the sodium current (INa) fell to about 40% of the control value (Abriel et al., 2000) . 

Whereas disruption of  motif on the channel was disrupted by mutations, the effects of 

overexpression of  Nedd4-2 on the H1 channel were eliminated, demonstrating that the PY motif 

is required for Nedd4L-dependent regulation of H1 (Abriel et al., 2000). 

Navs is a sodium channel responsible for generating and propagating action potentials. 

They also function in the nervous system, where they are needed for plasticity, development and 

maintenance of excitability following nerve and tissue injury.  The α- subunits of seven of nine 
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Navs contain PY motifs that bind Nedd4-2 (Fotia et al., 2004;Rougier et al., 2005;van Bemmelen 

et al., 2004). In the Xenopus oocytes, Nedd4-2 inhibits a number of Navs channels, including the 

cardiac Nav (NaV1.5) ( van Bemmelen et al., 2004; Rougier et al., 2005) and a few neuronal 

channels: Nav1.2, Nav1.7 and Nav1.8 (Fotia et al., 2004). 

Existence of a PY motif in hERG has been observed. However, Rougier et al. found that 

the hERG1 PY motif did not strongly interact with the WW binding domains of Nedd4-2 

(Rougier et al., 2005). In contrast, my data indicate that Nedd4-2 does indeed interact with hERG 

via PY motif. In fact, during the preparation of the thesis Albesa and colleagues published a paper 

showing the down-regulation of mature hERG by Nedd4-2 overexpression  (Albesa et al., 2011). 

In the Rougier et al. study, they used only 10 amino acids to establish the affinity between the PY 

motif and the WW binding domains of Nedd4-2. In contrast we used a complete sequence of 

hERG and Nedd4-2 were used. A single hERG channel is a homotetramer with 4 PY-motifs with 

an unknown conformation. How Nedd4-2 interacts with the PY motif(s) needs further 

investigation. A Tyr to Ala mutation in PY motif may not only disrupt the interaction between 

WW domain of Nedd4-2 and PPxY region, but also cause a conformational changes of PY motif 

in hERG, which harbors Nedd4-2, thus disrupting hERG-Nedd4-2 interactions.  

 

The role of Nedd4-2 in hERG degradation 

Our laboratory recently discovered that the extracellular K
+
 concentration ([K

+
]o) 

regulates cell surface density of hERG channels (Guo et al., 2009). Under low K
+

o conditions, 

hERG channels are rapidly internalized and degraded, and ubiquitination of hERG channels is 

observed during the endocytic process (Guo et al., 2009). These data on the regulation of hERG 

membrane expression by K
+

o provide an exciting glimpse into the regulation of hERG channels. 

They also provoke many more exciting questions. In particular, my project addressed the 
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following questions. 1. Which ubiquitin ligase is involved in hERG-ubiquitination and how it 

works? 2. Does the endocytic degradation pathway play a role in the homeostasis of hERG 

channels under normal [K
+
]o conditions?  

Ub labeling of substrate proteins is a common way to induce protein degradation whose 

specificity is determined by distinct Ub ligases. The role of Ub and related Ub-ligase in hERG 

endocytic degradation is unknown. Our choice of Nedd4-2 is based on the literature Flores et al., 

2003; Jespersen et al., 2007; van Bemmelen et al., 2004), the existence of the Nedd4-2 specific 

binding motif (PPxY, PY motif) on the C-termini of hERG channels (Figure 14), and my finding 

of the presence of Nedd4-2 in the heart (Figure 16) (Jespersen et al., 2007; van Bemmelen et al., 

2004). Nedd4-2 has been categorized as an E3 Ub ligase, which, in its job description, is 

responsible for Ub transfer to substrates (Abriel et al., 2000; Hochstrasser, 1996; Snyder, 2009).  

Generically speaking, following attachment of Ub to a substrate and binding of the ubiquitinated 

protein to the proteasome, the bound substrate is then unfolded (and eventually deubiquitnated) 

and  translocated through a narrow set of paths that leads to the proteasome interior, where the 

polypeptide is cleaved into short peptides (Hochstrasser, 1996).             

The membrane proteins can also be modified by the attachment of a single Ub molecule, 

known as mono-ubiquitination. In contrast to poly-ubiquitination, which drives the substrate 

protein for proteasomal degradation, mono-ubiquitination of the membrane proteins triggers 

internalization of the proteins through MVB to lysosomal degradation. In fact, we have recently 

demonstrated that monoubiquitination is responsible for the endocytic degradation of hERG 

channels under low K
+
 conditions. The level of ubiquitination can be determined by analyzing the 

ubiquitinated hERG channels using Co-IP method.  If the protein is precipitated with an anti-Ub 

antibody, monoubiquitination is characterized by a single hERG band close to the mature hERG 

http://www.ncbi.nlm.nih.gov.proxy.queensu.ca/pubmed/21177251
http://www.ncbi.nlm.nih.gov.proxy.queensu.ca/pubmed/21177251
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band in the precipitated proteins. On the other hand, poly-ubiquitination is depicted by smears 

above the 135kDa and 155kDa bands.  

Through Co-IP analysis I found that there was an overall increase in Ub binding in the 

Nedd4-2 transfected cells compared to the control group (Figure 13). While there is a smear on 

the lane of Nedd4-2 transfected cells, a single band close to the mature band is also obvious 

(Figure 13). This has led me to believe that Nedd4-2 facilitates both poly- and mono-

ubiquitinations of the mature hERG channels, which cause increased internalization of the mature 

hERG channels seen in Figure 7. In a recent study, Albesa et. al, suggested that Nedd4-2 

promotes poly-ubiquitination since the pattern of the channel depicts an increase of high 

molecular weight forms of hERG. The specific role of poly- versus mono-ubiquitination of hERG 

in homeostasis of hERG expression levels in the plasma membrane requires further investigation. 

As stated earlier, our lab has found that hypokalemic conditions lead to an increased 

degradation of the mature hERG channel (Guo et al., 2009). I have taken the concept of hERG 

internalization and have investigated if Nedd4-2 has an endogenous role within the cell and could 

possibly be playing a role in the homeostasis of hERG channels under normal [K
+
]o conditions. 

Figure 15 shows western blot results for control siRNA and Nedd4-2 siRNA transfected cells. 

When Nedd4-2 was knocked down with Nedd4 siRNA, there was an increase in mature hERG 

channels compared to the level seen in the control. This data suggests that Nedd4-2 does play a 

homeostatic role in hERG channel levels at the plasma membrane. Similarly, in Figure 14B patch 

clamp results show that when current was recorded from control Y1078A and ∆1073 hERG cells, 

both groups demonstrated a 30% increase in hERG currents compared to control. This alludes to 

the same idea as the siRNA experiments: that a decrease in hERG-Nedd4 interaction leads to 



54 

 

increase in hERG expression levels in the plasma membrane. My data suggests that Nedd4-2 

plays a homeostatic role in maintaining hERG expression levels. 

Nedd4-2 only targets the mature hERG channels, as seen in Figure 7 and 14A. This could 

potentially be due to the C2 domain found on Nedd4-2. C2 domains have been shown to interact 

with a variety of phospholipids and proteins (Nalefski & Falke, 1996a) and are thought to 

function as membrane recruitment domains involved in protein localization and trafficking. The 

C2 domain may be responsible for the fact that Nedd4-2 overexpression only selectively decrease 

the expression level of the plasma membrane-localized 155 kDa form of hERG, but does not 

affect the intracellularly localized 135 kDa form of hERG channels (Ingham et al., 2004a). 

Further investigation will be required to specifically examine the role of C2 domain of Nedd4-2 

in its regulation of specific form of hERG channels.   

Serum- and glucocorticoid-inducible kinase 1(Sgk1) have been recognized as a Nedd4-2 

inhibitor. Sgk1 enhances the number of ENaC channels at the plasma membrane by inhibiting the 

effects of Nedd4-2 on the channel (Debonneville et al., 2001). Debonneville et al. documents 2 

phosphorylation sites on Nedd4-2, Ser444 and Ser 338. The phosphorylation of Ser444 (more so 

then Ser 338) reduces the affinity of Nedd4-2 towards ENaC.  The data collectively shows that 

phosphorylation of Nedd4-2 controls the cell surface density of ENaC (Debonneville et al., 2001).  

Interestingly, Gottlieb et al. documents that Sgk3, another form of Sgk upregulates hERG channels 

at the plasma membrane. However, the mechanisms of Sgk3 effects on hERG are not yet 

investigated. To my knowledge no studies have been addressed pertaining to Sgk3’s relationship 

with Nedd4-2. We speculate that , Sgk3 inhibits Nedd4-2, leading to an upregulation of hERG 

channel density in the plasma membrane as Sgk1 causes upregulation of ENac. Because insulin 

(Kobayashi & Cohen, 1999; Perrotti et al., 2001), insulin like growth factor (IGF1) (Hayashi et al., 
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2001; Kobayashi & Cohen, 1999), depolarization (Kumari et al., 2001), cAMP (Kumari et al., 

2001) and oxidation (Kumari et al., 2001) regulates Sgk, these factors may potentially regulate 

hERG expression levels in the plasma membrane through Sgk. LQTS has been reported in diabetic 

patientsFlores et al., 2003; Jespersen et al., 2007; van Bemmelen et al., 2004). Since insulin 

stimulates Sgk, which enhances hERG expression through the inhibition of  Nedd4-2, lack of 

insulin such as in diabetic patients would lead to a decrease hERG expression, potentially resulting 

in LQTS. Further research in this direction would be interesting. 

In summary, my project demonstrates that Nedd4-2 facilitates Ub-modification of hERG 

channels through the PPxY motif of hERG channels. Ub modification subsequently causes 

internalization of the hERG channel from the cell surface. Currently, the knowledge in hERG 

channel degradation pathway in normal culture conditions is lacking.  This study identified a novel 

novel homeostatic mechanism in the regulation of hERG channels. 

 

Future Directions 

We have just scratched the surface of this novel pathway. Future researches will include 

addressing Nedd4-2’s possible link with Cav-3 and if Nedd4-2 is linked with Sgk3 in the regulation 

of hERG. 

 Recently our lab has identified Cav-3 and Nedd4-2 to have similar effects on the channel 

density of hERG, both leading to increased internalization of the mature channels. This led us to 

believe they may be working in partnership with each other to internalize hERG. To investigate 

this further, coimmunoprecipitation should be done to see if Cav-3 and Nedd4-2 show binding to 

each other. 
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Futhermore, cells transfected with both Nedd4-2 and Cav-3, cells with just Nedd4-2 and cells with 

just cav3 should undergo the whole cell patch clamp method to see if there is an increase in 

degradation with both expressed together, compared to the Nedd4-2 plasmid and Cav-3 plasmid 

alone.  

Another interesting direction of future studies would be to investigate if Sgk regulates 

hERG through Nedd4-2. As mentioned above, various factors such as insulin ( Kobayashi & 

Cohen, 1999; Perrotti et al., 2001), insulin like growth factor IGF1 (Hayashi et al., 2001; 

Kobayashi & Cohen, 1999), and kinases (Kumari et al., 2001) regulate Sgk. Establishment of the 

role of Sgk in hERG regulation would extend our understanding of the pathology of LQTS under 

various conditions such as diabetes mellitus. 
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